Light isomerizes 11-cis-retinal in a retinal rod and produces an active form of rhodopsin (Rh*) that binds to the G-protein transducin and activates the phototransduction cascade. Rh* is turned off by phosphorylation by rhodopsin kinase [G-protein-coupled receptor kinase 1 (GRK1)] and subsequent binding of arrestin. To evaluate the role of GRK1 in rod light response decay, we have generated the transgenic mouse RKS561L in which GRK1, which is normally present at only 2-3% of rhodopsin, is overexpressed by ϳ12-fold. Overexpression of GRK1 increases the rate of Rh* phosphorylation and reduces the exponential decay constant of the response ( REC ) and the limiting time constant ( D ) both by ϳ30%; these decreases are highly significant. Similar decreases are produced in Rv Ϫ/Ϫ rods, in which the GRK1-binding protein recoverin has been genetically deleted. These changes in response decay are produced by acceleration of light-activated phosphodiesterase (PDE*) decay rather than Rh* decay, because light-activated PDE* decay remains rate limiting for response decay in both RKS561L and Rv Ϫ/Ϫ rods. A model incorporating an effect of GRK1 on light-activated PDE* decay rate can satisfactorily account for the changes in response amplitude and waveform. Modulation of response decay in background light is nearly eliminated by deletion of recoverin. Our experiments indicate that rhodopsin kinase and recoverin, in addition to their well-known role in regulating the turning off of Rh*, can also modulate the decay of light-activated PDE*, and the effects of these proteins on light-activated PDE* decay may be responsible for the quickening of response recovery in background light.
Introduction
Increases in ambient illumination increase the sensitivity of vision to change and motion. This phenomenon occurs for both rod and cone vision and is responsible for the well-known increase in the flicker-fusion frequency with increasing background light (Hecht and Shlaer, 1936) . It results at least in part from modulation of the decay time of the photoreceptor response, as was first demonstrated nearly 50 years ago by Fuortes and Hodgkin (1964) for the Limulus lateral eye. More recently, this important feature of adaptation has been shown also to occur in the rods of wild-type (WT) mice (Woodruff et al., 2008; Chen et al., 2010b) , making possible a genetic and physiological analysis of its mechanism.
The decay of the light response in a vertebrate photoreceptor (Fain, 2003) requires the turning off of light-activated rhodopsin (Rh*) by G-protein-coupled receptor kinase 1 (GRK1)-mediated phosphorylation and binding of arrestin, the decay of lightactivated phosphodiesterase (PDE*), and resynthesis of cGMP by guanylyl cyclase under control of the Ca 2ϩ -binding guanylyl cyclase-activating proteins (GCAPs). Because modulation of response decay in background light still occurs in a quantitatively similar manner after the GCAPs have been deleted (Chen et al., 2010b) , the mechanism of modulation cannot involve GCAPs or guanylyl cyclase but must act on Rh* or PDE* decay. Recent experiments have indicated that light-activated PDE* decay is considerably slower than Rh* decay and is rate limiting for the turning off of the rod response (Krispel et al., 2006; Tsang et al., 2006; Chen et al., 2010a; Gross and Burns, 2010 ; but see Doan et al., 2009) . We have therefore suggested that modulation of lightactivated PDE* is a likely mechanism for acceleration of response decay during adaptation (Woodruff et al., 2008) and have shown that a model incorporating PDE* modulation can account for the changes in WT and GCAP Ϫ/Ϫ responses in background light (Chen et al., 2010b) . However, these results give no indication how the PDE* modulation might occur.
As a part of our investigation of response decay, we constructed a mouse line RKS561L in which GRK1 is overexpressed ϳ12-fold, expecting that we would greatly reduce the amplitude of the light response but not its rate of decay. What we found instead was that response amplitude was only modestly diminished, but the exponential decay constant of the response ( REC ) and the limiting time constant ( D ) were both highly significantly accelerated. Similar effects were seen after knocking out the GRK1-binding protein recoverin (Rv), which should also produce greater activity of GRK1. These results are most simply understood if GRK1 and recoverin modulate light-activated PDE* decay, which we show to be rate limiting in both RKS561L and Rv Ϫ/Ϫ rods. Such modulation may be responsible for the effect of background light on rod response decay, which is essentially eliminated when recoverin is deleted from the genome. We conclude that GRK1 and recoverin, in addition to their role in phosphorylating rhodopsin, may also regulate light-activated PDE* decay and mediate the increase in temporal resolution of rods during light adaptation.
Materials and Methods
Transgenic mice. Site-directed mutagenesis to change the last amino acid of a bovine rhodopsin kinase (RK) cDNA from Ser to Leu (S561L) was performed with the QuickChange kit (Agilent) and sequence verified. To overexpress the mutated bovine rhodopsin kinase in mouse rods, a transgenic construct (Fig. 1A) was made by subcloning the S561L rhodopsin kinase cDNA into the SalI/ClaI sites of a pRho4.4 vector (Li et al., 2005) .
The so-called RKS561L construct was mixed in a 1:1:1 ratio with two additional constructs, TG␤5L (Rao et al., 2007) and RGS9-1 (Chen et al., 2003) , and injected into C57BL/6 ϫ SJL embryos. The rationale of injecting a mixture, instead of one construct, was to maximize the chance of getting founders that simultaneously overexpress multiple proteins in mouse rods. Five founders were generated from which one stable founder line was established. In this line, the RGS9-1 transgene was not integrated into the genome, whereas RKS561L expression level was high across the retina and TG␤5-L expression was barely detectable. We identified the presence of the RKS561L transgene by an ϳ350 bp PCR product using the following two primers: RH1.1, 5Ј-TCA GTG CCT GGA GTT GCG CTG TGG; and RKb1, 5Ј-TCG TCG GCC GTG TCG TAG TCC TCG. PCR conditions were identical to those described for iCre75 (Li et al., 2005) . The founder line was backcrossed to the C57BL/6 background with WT alleles at the Pde6b locus to remove the rd1 allele intrinsic to the SJL background. R9AP95 mice were used and genotyped as described previously (Chen et al., 2010a) . Recoverin knock-out mice were provided by Jeannie Chen of the University of Southern California (Los Angeles, CA) and genotyped as described previously (Makino et al., 2004) . All experiments were performed on pigmented mice of either sex in accordance with the rules and regulations of the National Institutes of Health guidelines for research animals, as approved by the institutional animal care and use committees of the Virginia Commonwealth University and the University of California, Los Angeles. Animals were kept in a 12 h light/dark cycle in approved cages and supplied with ample food and water. Animals in all experiments were killed before tissue extraction by approved procedures, usually CO 2 inhalation or decerebration.
Antibody. Polyclonal antibody A4101 was raised in rabbit against a synthetic rhodopsin kinase peptide (CQDVGAFSTVKGVAF) coupled to keyhole limpet hemocyanin (GenScript). The antibody was affinity purified with a corresponding peptide column and stored in 1ϫ PBS with 0.02% sodium azide. Phosphospecific antibodies against phosphorylated rhodopsin were a gift from Dr. David Williams (University of California, Los Angeles, Los Angeles, CA). Three commercial antibodies were used: MA1-720 (G8, mouse monoclonal antibody against rhodopsin kinase; Thermo Fisher Scientific), GAPDH (3683, rabbit monoclonal antibody against glyceraldehyde 3-phosphate dehydrogenase; Cell Signaling Technology), and 1D4 (SC-57432, mouse monoclonal antibody against rhodopsin; Santa Cruz Biotechnology).
Western blotting. Mouse retinas were homogenized in PBS and centrifuged at 20,000 ϫ g for 30 min at 4°C. The pellet was homogenized in fresh PBS with a volume equal to that of the supernatant. Both pellet and supernatant (10 g of protein) were resolved by 12% SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were blocked with 10% dry milk in TBST buffer containing 25 mM Tris, pH 7.5, 137 mM NaCl, and 0.05% Tween 20. To determine the expression level of transgenic RKS561L, the A4101 antibody was used at 1:1000 dilution (Fig. 1 B) . To detect endogenous and various mutant GRK1 mouse lines, including RKBark7 (Chen et al., 2010a) , RK ϩ/Ϫ (Chen et al., 1999) , and Rv Ϫ/Ϫ (Makino et al., 2004) , on the same gel (Fig. 1 D) , the monoclonal G8 antibody was used at 1:5000 dilution. To detect RGS9-1 and G␤5 isoforms, rabbit CT318 and CT215 polyclonal antibodies (pro- Figure 1 . Overexpression of rhodopsin kinase in RKS561L transgenic mice. A, Transgenic construct. B, GRK1 in the RKS561L mouse is colocalized with rhodopsin in the rod outer segment (OS) layer. IS, Inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar, 20 m. C, A representative Western blot demonstrating relative level of transgenic versus endogenous rhodopsin kinase in particulate (P) and soluble (S) fractions of mouse retinas. RGS9-1 serves as a membrane marker, whose level is comparable between WT and RKS561L retinas. D, The level of rhodopsin kinase overexpression in RKS561L mouse retina, measured by Western blotting and normalized to that of RGS9-1, is determined to be 12 Ϯ 1.5-fold of WT (n ϭ 3). E, A representative Western blot showing comparable levels of components of transducin GAP in WT and RKS561L mouse retinas. Despite the weak expression of a transgenic FLAG-tagged TG␤5L, RGS9-1 concentrations are similar between the two lines. F, Western blot showing the relative abundance of rhodopsin kinase in mouse lines used in the study. 1, WT; 2, RKBark7;3,GRK1 ϩ/Ϫ ;4,Rv Ϫ/Ϫ ;5,RKS561L. GAPDH signal serves as an internal loading control. The difference in expression level between the lowest (RKBark7 ) and the highest (RKS561L) expressors is ϳ80-fold.
vided by Mel Simon of the California Institute of Technology, Pasadena, CA) were used at 1:3000 and 1:2500 dilutions, respectively. Speciesspecific HRP-coupled secondary antibodies (Santa Cruz Biotechnology) were used at 1:12500 dilution, and the signal was detected by enhanced chemiluminescence with the SuperSignal West Dura extended duration substrate kit (Thermo Fisher Scientific). Signals were captured and quantified in the Kodak IS440 imaging system with accompanying 1D image analysis software (Eastman Kodak).
Rhodopsin phosphorylation. Mice were dark adapted overnight and rod outer segments (ROS) were purified under infrared illumination by vortexing 10 retinas in 250 l of 47% sucrose in ROS-Ca1 buffer containing the following (in mM): 20 3-(N-morpholino)-propanesulfonic acid, pH 7.0, 30 NaCl, 60 KCl, 2 MgCl 2 , 1 DTT, 1 CaCl 2 , and 0.2 PMSF. After centrifugation at 4°C at 20,000 ϫ g for 30 min, the resulting supernatant was diluted 1:1 with cold ROS-Ca1 buffer and centrifuged for 30 min. The pellet was washed with cold ROS-Ca1 buffer and bath sonicated for 10 s. Rhodopsin concentration was determined by difference spectroscopy at 500 nm from a molar extinction coefficient of 40,000 liter M Ϫ1 cm Ϫ1 . After adjusting rhodopsin and ATP concentrations to 5 M and 2 mM, respectively, phosphorylation of rhodopsin was initiated by exposure to 500 lux white light at room temperature and stopped by adding 20 l of the mixture to an equal volume of 1ϫ SDS-PAGE sample buffer at different time points. Samples were analyzed without boiling by Western blotting, first with each of the two phosphospecific antibodies, followed by membrane stripping and reprobing with 1D4. Two independent assays were performed with similar experimental outcomes.
Histology. Animals were raised in 12 h light/dark cycles. Enucleated eyeballs were fixed overnight in 2% paraformaldehyde/2.5% glutaraldehyde in 0.1 M cacodylic acid, pH 7.4. After removing the cornea and lens, the eyecup was postfixed in 1% osmium tetroxide in 0.1 M cacodylic acid at room temperature for 4 h. The eyecup was gradually dehydrated in ethanol and impregnated and hardened in Spurr resin at 70°C (Electron Microscopy Sciences). Gross retinal morphology was assessed in 990 nm semithin sections, followed by staining with 0.15% toluidine blue in 0.5% sodium borate. For electron microscopy, thin sections were cut on a Reichert Ultracut ultramicrotome, stained with uranyl acetate and Reynold's lead citrate, and examined with a JEOL 100CX transmission electron microscope. Negatives were scanned and dimensions were measured in Photoshop (Adobe Systems).
Immunohistochemistry. Enucleated mouse eyeballs were handled in room light and immersion fixed in 4% paraformaldehyde in PBS at 4°C for 12-18 h. After removal of the cornea and lens, the resulting eyecups were cryoprotected in cold 30% sucrose in PBS, embedded in TBS (Triangle Biomedical Sciences), and sectioned at Ϫ20°C at 30 m thickness. The sections were blocked for 60 min at room temperature with 10% goat serum and 0.3% Triton X-100 in 1ϫ PBS and incubated for 4 -8 h at room temperature with antibodies against rhodopsin kinase (A4101, used at 1:100) and rhodopsin (1D4, used at 1: 200). Alexa Fluor 563-conjugated goat anti-mouse antibody and Alexa Fluor 488-conjugated goat anti-rabbit antibody (both at 1:2000 dilution; Invitrogen) were used to localize GRK1 and rhodopsin, respectively. Fluorescent images were captured with a Carl Zeiss LSM510Meta confocal microscope at Virginia Commonwealth University Microscopy core facility. Unmodified files were viewed in a separate computer with the LSM Image Browser program (Carl Zeiss), and images were exported as TIFF files to Adobe Photoshop (Adobe Systems) for cropping. No image processing was performed during or after image acquisition.
Suction-electrode recordings. Methods for recording responses of mouse rods have been given previously (Woodruff et al., 2008; Chen et al., 2010a) . Animals between 2 and 6 months of age were dark adapted typically for 5 h but for at least 3 h in a light-tight box. Rods were perfused at 37°C with DMEM (D-2902; Sigma Chemical), supplemented with 15 mM NaHCO 3 , 2 mM Na succinate, 0.5 mM Na glutamate, 2 mM Na gluconate, and 5 mM NaCl, bubbled with 95% O 2 /5% CO 2 , pH 7.4. Unless otherwise indicated, data were filtered at 35 Hz (eight-pole, Bessel) and sampled at 100 Hz. Flashes of 500 nm light, 20 ms in duration, were attenuated to different light levels by absorptive neutral density filters. At dim intensities, 10 -20 individual responses presented at 5 s intervals were averaged to obtain mean flash responses. At medium intensities, 5-10 responses were averaged, and the interflash interval was increased to 10 s. At bright intensities above saturation for the rods, only three to five responses were averaged, and the interflash interval was increased to 15-20 s. A 500 nm light was also used for steps of light and backgrounds. Other information about the details of response presentation are given in the figure legends. The values of D were measured as in the study by Woodruff et al. (2008) by giving a series of five flashes at each of between four and seven intensities chosen for each rod to fall within 1.5 log units above the flash intensity that just produced saturation of the response amplitude of that rod. Flash intensities were in the range of 159 -3250 photons m Ϫ2 . The time in saturation (T sat ) was measured as the time from the beginning of the flash to the time at which the mean circulating current recovered to 25% of its dark-adapted value. The value of D was then calculated as the best-fitting slope of T sat versus the natural logarithm of the flash intensity. Unless otherwise stated, errors are given as SE. Curve fitting, statistical tests, and plotting of data were done with the program Origin (OriginLab).
Results

RKS561L mice
When studied ectopically in COS-7 cells, the S561L mutation causes GRK1 to be geranylgeranylated instead of farnesylated, with an apparent increase in membrane affinity but no effect on catalytic activity for light-activated rhodopsin (Inglese et al., 1992) . In the RKS561L mouse retina, the expression of mutant S561L GRK1 is rod specific and confined exclusively to the outer segment layer (Fig. 1 B) . The level of transgenic versus endogenous GRK1 in mice positive for the RKS561L transgene ( Fig. 1 A) was determined by Western blotting to be ϳ12-fold with little change in the level of other phototransduction proteins, such as RGS9-1 ( Fig. 1C-E) , despite the additional expression of a FLAGtagged transgenic TG␤5L. The high expression level of transgenic GRK1 appears to result from where the transgene was integrated into the genome and not from the S561L mutation itself, because several other founder lines harboring the same transgene showed little or no expression (data not shown). Although a significant fraction of recombinant GRK1 is soluble in an ectopic expression system (Inglese et al., 1992; Bruel et al., 2000) , the majority of endogenous GRK1 and transgenic S561L mutant GRK1 are membrane associated in mouse retina in the dark (Fig. 1C) . Figure 1 F demonstrates the relative abundance of rhodopsin kinase in the various mouse lines used in this study and in our previous experiments. The lowest level is in the RKBark7 line (ϳ15% of WT, lane 2; Chen et al., 2010a) , followed by heterozygous rhodopsin kinase knock-out (ϳ40% of WT, lane 3; Chen et al., 1999 Chen et al., , 2010a . Recoverin knock-out mice (lane 4; Makino et al., 2004 ) express rhodopsin kinase at a level comparable with that of WT mice. The difference in expression level between RKBark7 and RKS561L mice was ϳ80-fold.
Our biochemical determinations show that the amount of GRK1 per WT mouse retina is 1040 Ϯ 50 ng (SD). Because the molecular weight of RK is ϳ64 kDa, the amount of GRK1 in a WT mouse retina is ϳ15 pmol. The amount of rhodopsin in a WT mouse retina is ϳ600 pmol, so the ratio of GRK1 to rhodopsin is ϳ15:600, or 2-3%. Because the ratio of expression level of GRK1 to that of rhodopsin is so low, increases or decreases in expression of GRK1 should produce proportionate changes in the rate of phosphorylation. As a control for this notion, we used phosphospecific antibodies (Adams et al., 2003; Wang et al., 2005) and an antibody-based assay to investigate the effect of the 12-fold increase in GRK1 expression in RKS561L mice on the rate of rhodopsin phosphorylation (Fig. 2) . Under our assay conditions, phosphorylation at Ser 338 occurs much faster than at Ser 334 . We also observed, as noted by Adams et al. (2003) , that phosphory-lation at Ser 338 is more transient than at Ser 334 . Because both antibodies are in limited supply, we did not pursue a quantitative description of enhanced rhodopsin phosphorylation at either site. Nevertheless, the data in Figures 1 and 2 clearly demonstrate that overexpressed GRK1 in RKS561L mice is located in the outer segment and greatly accelerates the rate of rhodopsin phosphorylation.
Responses of RKS561L rods to flashes
In Figure 3 , A and B, we compare the waveforms of dark-adapted WT and RKS561L rods to brief flashes at the same light intensities. Although comparable in many respects, the responses of RKS561L rods clearly decline more rapidly at all intensities examined. Both the integration time (t i ) and the REC are smaller for RKS561L rods (Table 1) , and these differences were highly significant ( p Ͻ 0.0003 for both, Student's t test). The RKS561L rods were also somewhat less sensitive than WT rods (Table 1) , and this difference was also significant.
We were struck by the similarity in waveform of the RKS561L rods to the previously reported responses of Rv Ϫ/Ϫ rods, for which the gene for recoverin was genetically deleted (Makino et al., 2004; Bush and Makino, 2007) . In Figure 3C , we show our own recordings of responses of Rv Ϫ/Ϫ rods to the same flash intensities used for the rods in Figure 3 , A and B; the similarity in the flash response waveform of RKS561L and Rv Ϫ/Ϫ rods should perhaps not be surprising, given that deletion of recoverin should increase the effective activity of GRK1 (Kawamura, 1993; Chen et al., 1995 Chen et al., , 2010a Klenchin et al., 1995) . Both t i and REC were again shorter in Rv Ϫ/Ϫ rods than in WT rods (Table 1) , and these differences were highly significant ( p Ͻ 0.0001).
Measurements of outer segment length from electron micrographs show that RKS561L rods are somewhat larger than WT rods, with lengths averaging 29.5 Ϯ 3.7 m as opposed to 26.0 Ϯ 3.1 m for WT (SDs). Recoverin knock-out rods were even longer (34.7 Ϯ 4.0 m). These increases in length would produce an increase in collecting area, and adjustment for these differences would produce relative decreases in sensitivity for both mutant rod types in Table 1 but would have no effect on response kinetics or the amplitude of single-photon responses (SPRs), which are given in Figure 6 A as a fraction of the decrease in circulating current. ROS diameters for RKS561L and Rv Ϫ/Ϫ rods averaged ϳ1 m and were similar to those of WT rods fixed concurrently (mean Ϯ SD, Rv Ϫ/Ϫ , 0.97 Ϯ 0.14 m; RKS561L, 1.02 Ϯ 0.13 m; WT, 0.87 Ϯ 0.12). These values are somewhat smaller than in our previous experiments (Tsang et al., 2006) , perhaps because the tissue in this instance was immersion fixed instead of by perfusion as done previously.
The limiting time constant D
The rods of Figure 3 were exposed to a series of bright flashes to measure the time required for the rod to recover its circulating current (T sat ; see Materials and Methods). In Figure 4 we have plotted T sat as a function of the natural logarithm of the flash intensity for WT (F), RKS561L (E), and Rv Ϫ/Ϫ (Ⅺ) rods. As Makino et al. (2004) also showed, the curve for Rv Ϫ/Ϫ rods is displaced downward, such that at each flash intensity the T sat is shorter for the Rv Ϫ/Ϫ rods than for WT rods. RKS561L rods behave in an identical manner. Furthermore, the slope of T sat as a function of intensity is clearly smaller for both RKS561L and Rv Ϫ/Ϫ rods than for WT rods: the best-fitting linear slopes to the mean values of T sat in Figure 4 gave Makino et al. (2004) and for an ensemble of rods by Bush and Makino (2007) , and the difference they reported is also highly statistically significant ( p Ͻ 0.0067, C. L. Makino, personal communication). 
RKS561L
and Rv Ϫ/Ϫ on a GAP overexpressing background Recent experiments indicate that the decay of light-activated phosphodiesterase is rate limiting for the decline of the mouse rod flash response (Krispel et al., 2006; Tsang et al., 2006; Chen et al., 2010a; Gross and Burns, 2010 ; but see Doan et al., 2009 ). Overexpression of GAPs on a WT background has been shown to produce a significant decrease in both REC and D (Krispel et al., 2006; Chen et al., 2010a) , whereas a twofold to fourfold overexpression of GRK1 was reported to produce only modest decreases in REC and no significant change in D (Krispel et al., 2006; Sakurai et al., 2011) . Our measurements indicate that more extensive overexpression of GRK1 and the deletion of the gene for recoverin produce highly significant decreases in both REC and D and question the conclusion that inactivation of PDE* is rate limiting for the decay of the rod response (Sakurai et al., 2011) .
The experiments of Figure 5 were designed to resolve this uncertainty. Both RKS561L and Rv Ϫ/Ϫ mice were mated with R9AP95 mice, which our previous experiments have shown to overexpress the GAP complex proteins by approximately sixfold (Chen et al., 2010a) . In mice with the R9AP95 transcript on a WT background, REC was reduced to 60 Ϯ 8 ms, and D was decreased to 53 Ϯ 2 ms (Table 1) , which are the fastest dark-adapted mouse rod responses recorded so far. The decrease in the time constants of decay can be directly attributable to an increase in the rate of inactivation of PDE* via hydrolysis of transducin-GTP to transducin-GDP (Krispel et al., 2006; Chen et al., 2010a) ; overexpression of GAPs has by itself no effect on the rate of decay of Rh* (Chen et al., 2010a) . For each rod at each flash intensity, the time between the beginning of the flash and the recovery of the photocurrent to 25% of its dark-adapted value was measured as in the study by Woodruff et al. (2008) . Best-fitting linear fits to means gave values of D of 192 ms for WT and 115 ms for both RKS561L and Rv Ϫ/Ϫ , similar to values in Table 1 for a larger sample of rods for which values of D were determined rod by rod and then averaged. A similar increase in response decay was also seen when the GAPs were overexpressed on either a RKS561L or Rv Ϫ/Ϫ background. Comparison of the responses in Figure 5 , A and B, with those of Figure 3 , B and C, shows that overexpression of GAPs produces a dramatic speeding of the response, with acceleration of the major time constant of decay comparable with that observed when the GAPs are overexpressed on a WT background (see Table 1 ). In addition, both responses show a slower recovery phase of smaller amplitude that is especially prominent in R9AP95;Rv Ϫ/Ϫ rods, which we have not attempted to describe quantitatively and whose origin is unclear.
These experiments demonstrate that the time constant of decay of Rh* can be no greater than ϳ50 ms in WT rods, as well as in RKS561L and Rv Ϫ/Ϫ rods; light-activated PDE* decay therefore remains rate limiting when GRK1 activity is increased in our experiments. We conclude that the decreases in decay time observed when GRK1 is overexpressed or recoverin is deleted from the genome are the result of an increase in the rate of lightactivated PDE* decay and not of Rh* decay. Moreover, Makino et al. (2004) showed that response decay is accelerated even when recoverin is knocked out on a GCAP Ϫ/Ϫ background (their Fig.  6 A) , ruling out the possibility that deletion of recoverin is speeding response recovery by altering the rate of the cyclase. The data in Table 1 show that the sensitivity of both R9AP95;RKS561L and R9AP95;Rv Ϫ/Ϫ rods is greater than that of R9AP95 rods, although only the difference with R9AP95;Rv Ϫ/Ϫ is significant. Increasing the rate of Rh* phosphorylation would be expected to further decrease sensitivity, not increase it. We have no explanation for this surprising observation.
Single-photon responses
In Figure 6 A, we show SPRs averaged from 41 WT rods, 16 RKS561L rods, and 11 Rv Ϫ/Ϫ rods, calculated from the squared mean and variance of the response as described previously (Chen et al., 2000; Tsang et al., 2006) . Response waveforms have been normalized to the peak photocurrent cell by cell and averaged; therefore, they give the fraction of channels closed per photon for the three mouse lines. SPRs of RKS561L and Rv Ϫ/Ϫ rods show the same accelerated decay as responses to brighter illuminations (Fig.  3) . The peak amplitudes of the three responses were quite similar, indicating that single photons closed nearly the same fraction of channels even after GRK1 expression was greatly increased.
The weak sensitivity of the SPR amplitude to GRK1 expression is surprising if GRK1 and G-protein compete for mutually exclusive binding to Rh*. In such a scheme, it can be shown that the average number of activated G-proteins produced by each phosphorylated form of Rh* (except the one capped with high probability by arrestin) should be proportional to the ratio of the forward rate constant for G-protein binding and the forward rate constant of GRK1 binding. The forward rate of GRK1 binding is presumably proportional to the concentration of free GRK1 on the disk membrane. Consequently, increasing free GRK1 by a factor of x on the disk membrane should reduce the average number of activated G-proteins by a factor of x. Furthermore, if we assume that the deactivation of light-activated PDE* is much slower than the deactivation of Rh* in WT mouse rods and rate limiting for the decay of the response (Krispel et al., 2006; Tsang et al., 2006; Chen et al., 2010a; Gross and Burns, 2010 ; but see Doan et al., 2009 ), we might expect that increasing free GRK1 by a factor of x should produce an approximate scaling of the WT SPR by a factor of x with little or no detectable change in the rate of decay of the tail of the SPR. Because the SPRs in Figure 6 A differ dramatically from these expectations, we speculate that GRK1 may not compete with G-protein for binding to Rh*. One way this might occur is if each form of Rh* that can activate G-protein must undergo a conformational change before it can be phosphorylated. In this scenario, when Rh* is in a conformation in which it can bind G-protein, it either binds G-protein or undergoes the conformational change so binding cannot occur; the rate of the change in conformation is independent of GRK1 concentration. If the rate of phosphorylation is high enough in WT mouse rods, making it even higher by increasing free GRK1 will by itself have a diminished effect on the number of activated G-proteins produced and the amplitude of the SPR.
The black curves in Figure 6 A are predictions of the photoreceptor response based on a model we published previously (Chen et al., 2010b ) but altered such that (1) Rh* changes conformation Chen et al. (2010b) , in which the unphosphorylated form and each phosphorylated form of activated rhodopsin must undergo a conformation change before binding to GRK1. In the model, the rate constant for each conformational change was constrained to be the same across genotypes. The number of activated G-proteins per Rh* was virtually the same across genotypes in the model (10% lower in WT than that in RKS561L and Rv Ϫ/Ϫ ). The rate of GRK1 binding for each phosphorylation step was chosen to be 12 times higher for RKS561L compared with WT, because the binding rate is assumed to be proportional to the nominal concentration of free GRK1. The rate of rhodopsin kinase binding was chosen to be the same for Rv Ϫ/Ϫ and RKS561L to minimize the number of free parameters. The time constant of decay of PDE*, PDE , was chosen by a best fit procedure. The best-fit values for PDE were 180, 73, and 46 ms for WT, RKS541L, and Rv Ϫ/Ϫ , respectively. The only parameter difference between RKS541L and Rv Ϫ/Ϫ was PDE . It was necessary to adjust only one additional parameter to account for the broad shape of the WT SPR: the rate constant for activated G-protein binding to inactive phosphodiesterase was 40% lower in WT compared with RKS541L and Rv Ϫ/Ϫ . B, Family of average flash responses of WT rods (solid colors) and best fits (solid black) of the model in A. Because these cells are not the same ones used for the average SPR in A, all parameters were free to vary during the fitting procedure. The best-fit parameters were essentially similar to those for the average SPR. C, Same as B but for RKS541L rods. D, Same as B and C but for Rv Ϫ/Ϫ rods.
before phosphorylation, (2) once the change in conformation has occurred, RK binds and phosphorylates at a rate proportional to the RK expression level, and (3) RK also increases the rate of decay of light-activated PDE*. The number of activated G-proteins varies across the three genotypes in the model by only 13%. Figure 6 B-D compares averaged waveforms and calculations with this same model for WT, RK561L, and Rv Ϫ/Ϫ rods over a broader range of flash intensities. It is worth noting that the slower phase of recovery of the response to intermediate and bright flash intensities cannot be captured by our model. It appears that the model is lacking some slow process that we do not understand.
In the final two rows of Table 1 , we give kinetic and sensitivity parameters from RK ϩ/Ϫ and RKBark7 rods, which express GRK1 by ϳ40% and 15% of WT levels ( Fig. 1 F) . Comparison of values of sensitivity expressed either as S f D (dark-adapted flash sensitivity) or I 1 ⁄2 (the intensity required to produce a half-maximal response) indicates that sensitivity is altered by at most a factor of 2 when RK expression levels were changed by 80-fold. Changes in the rate of phosphorylation in the rod seem to have minimal effects on sensitivity, indicating that modulation of phosphorylation rate by recoverin is unlikely to play a significant role in the control of transduction gain (see Discussion).
Deletion of recoverin essentially eliminates modulation of flash response decay time in background light
Our experiments suggest that recoverin and GRK1 may act to accelerate the decay of the flash response in background light by modulating light-activated PDE* decay. If true, deletion of recoverin should alter the acceleration of response decay during light adaptation. The experiments of Figure  7 were designed to test this notion. The responses of rods of Rv Ϫ/Ϫ mice were recorded first in the absence of a background (black traces) and then in a series of backgrounds of gradually increasing steady intensity (colored traces). A and B of the figure show responses to flashes of 17 photons m
Ϫ2
, and C and D show responses to flashes of 453 photons m Ϫ2 . The averaged responses are given in A and C. As the background intensity was increased, the peak response amplitude to flashes of light diminished, a well-known feature of light adaptation (Fain et al., 2001 ). Responses were then normalized rod by rod to the peak amplitude of the response, and the normalized records are given in B and D. For the dimmer flash intensity (Fig. 7B) , the normalized responses are essentially superimposable, indicating that the time course of decay was unaffected by the background light. For the brighter intensity (Fig. 7D) , responses show a small acceleration of decay time with brighter illumination. However, this effect is much less than previously reported for WT mouse rods (Woodruff et al., 2008; Chen et al., 2010b ).
Overexpression of GRK1 does not eliminate response acceleration in background light. In Figure 7E , we show mean responses from seven RKS561L rods to flashes of 230 photons m Ϫ2 , dark adapted (black traces) or in the presence of a background of 1350 photons m Ϫ2 s Ϫ1 . These same responses are shown in Figure 7F normalized rod by rod to the peak amplitude of the responses as in Figure 7 , B and D. Single-exponential fits to the mean responses give values of REC of 139 ms for the dark-adapted response and 97 ms for the response in the presence of the background; these are similar to the means determined by averaging values from individual rods (mean Ϯ SE, dark adapted, 125 Ϯ 32 ms; light-adapted, 84 Ϯ 8 ms). These results are representative of recordings from 15 rods in two experiments at two different flash intensities. We interpret these experiments to show that there is sufficient recoverin in the rod to produce at least partial modulation of response decay even when the concentration of GRK1 has been substantially increased in the RKS561L retinas.
One possible explanation for our results is that GRK1 (under the control of recoverin) is phosphorylating one of the proteins of the transduction cascade and accelerating response decay during light adaptation. To test for a role of the GAPs, we recorded from RGS9-1 knock-out rods with and without overexpression of GRK1. RGS9 knock-out rods lack not only the RGS9-1 protein but also G␤5-L, another protein of the GAP complex (Chen et al., 2000) ; our measurements from these rods gave mean Ϯ SE values for REC of 3.7 Ϯ 0.8 s (n ϭ 30 rods) and D of 7.7 Ϯ 0.5 s (n ϭ 26 rods). For rods lacking RGS9-1 that were also RKS561L and overexpressed GRK1, we obtained a mean REC of 3.8 Ϯ 0.6 s (n ϭ 19 rods) and a mean D of 7.7 Ϯ 0.7 s (n ϭ 13 rods). The values of REC and D for rods from these two animals were not significantly different. These experiments show that the GAPs are required for overexpression of GRK1 to accelerate response decay and are consistent with phosphorylation of one of the proteins of the GAP complex by GRK1. However, we cannot exclude the possibility that PDE␥ or the ␣ subunit of transducin is the site of action of the kinase.
Discussion
We have overexpressed rhodopsin kinase in mouse rods, expecting from previous results that an increase in GRK1 activity would reduce response amplitude but not affect the time course of the response (Krispel et al., 2006; Tsang et al., 2006; Woodruff et al., 2008; Gross and Burns, 2010) . What we found instead was the opposite: response amplitude was nearly unaffected, but the decay time of the response was accelerated (Figs. 3B, 4, 6A) . Similar effects are produced by deletion of the recoverin gene (Figs. 3C, 4 , 6 A; see Makino et al., 2004) , which should also increase GRK1 activity. Our results are most simply explained if rhodopsin kinase together with recoverin act to modulate light-activated PDE* decay and are responsible for the acceleration of the falling phase of the rod response in background light.
Rhodopsin kinase expression and rod sensitivity
Our experiments indicate that expression of rhodopsin kinase over a range of 80-fold (Fig. 1 F) alters the sensitivity of the rod response by at most a factor of 2 (Fig. 6 A) . A similar insensitivity of rod response amplitude to kinase expression level has been observed previously for rhodopsin kinase underexpression (Chen et al., 1999 (Chen et al., , 2010a and overexpression (Krispel et al., 2006; Sakurai et al., 2011 ) over a less-extensive range, and as well as for the knocking out of the recoverin gene (Makino et al., 2004) . In aggregate, these results indicate that the amplitude of the rod response is remarkably insensitive to changes in GRK1 expression level.
Some of this apparent insensitivity of response amplitude to rate of phosphorylation could be the result of the feedback action of the guanylyl cyclase. Makino et al. (2004) showed that the knocking out of recoverin produced a larger change in response sensitivity on a GCAP Ϫ/Ϫ background than on a WT background, and similar results have been reported recently for increases and decreases in GRK1 expression (Gross et al., 2012) . Moreover, all of our SPRs in Figure 6 A can be fit by model parameters with a PDE inactivation time constant fixed at the WT value; however, these same parameters give a fixed value for D that is equal to the WT PDE inactivation time constant, which is inconsistent with the data in Figure 4 .
We can account for the effect of GRK1 overexpression on D and the limited effect of GRK1 expression level on sensitivity by modifying our previously published model (Chen et al., 2010b) , on the assumption that Rh* must transit into a state available for phosphorylation and that the transit time into this Rh* conformation is slow compared with the rate of rhodopsin phosphorylation. This obligate conformational change of Rh* before phosphorylation may play a role in diminishing the dependence of Rh* decay on the rate of phosphorylation. We are presently attempting to test this model by recording from RKBark7 and RKS561L rods in which the GCAPs and cyclase feedback have been deleted.
Whatever the mechanism of constancy of response sensitivity with GRK1 expression level, our results together with previously published studies indicate that phosphorylation of rhodopsin by GRK1 and the regulation of phosphorylation rate by recoverin are unlikely to play a significant role in the regulation of sensitivity in a rod. Although the role of the kinase in phosphorylation of rhodopsin is indisputable and absolutely required for the extinction of Rh* (Chen et al., 1999) and although the regulation of the phosphorylation rate by recoverin has been extensively documented in vitro (Kawamura, 1993; Chen et al., 1995 Chen et al., , 2010a Klenchin et al., 1995) and in intact rods (Chen et al., 2010a) , the regulation of rate of phosphorylation seems to play a minimal role in the modulation of sensitivity. This conclusion is supported by a previous finding that deletion of recoverin has no detectable effect on the changes in sensitivity that occur during exposure to steady background light (Makino et al., 2004; Chen et al., 2010b) .
Rhodopsin kinase expression and response waveform
Our results indicate that GRK1 and recoverin can alter the decay of light-activated PDE* and regulate the decay time of the rod light response. This novel conclusion would explain our previous result that RK ϩ/Ϫ rods in which GAP is sixfold overexpressed (RK ϩ/Ϫ ;R9AP95) decay more slowly than RK ϩ/ϩ ;R9AP95 rods (Chen et al., 2010a, compare their Fig. 1C,D) , and D is also significantly greater (73 Ϯ 4 vs 54 Ϯ 3 ms; Chen et al., 2010a, their Table 1 ). Because light-activated PDE* decay remains rate limiting in RK ϩ/Ϫ rods, we hypothesize that responses decay more slowly in GRK1 heterozygotes because underexpression of rhodopsin kinase slows light-activated PDE* decay. A similar comparison in this present study of values of REC and D between RKS561L;R9AP95 rods and R9AP95 rods (in which the GAP molecules are sixfold overexpressed and GRK1 is or is not 12-fold overexpressed) reveals no significant difference (Table 1) . It is possible that decay of light-activated PDE* in R9AP95 rods is already so fast that the decay of the light response becomes limited by Rh* decay. Our model predicts that increasing GRK1 expression would have only a limited effect on the rate of Rh* decay, because rhodopsin obligatorily transits through a state in which it can activate transducin but cannot be phosphorylated. This may explain why we can detect no significant acceleration in the time course of decay when we overexpress GRK1 on an R9AP95 background.
Rhodopsin kinase and modulation of response decay in background light
Many previous studies on amphibian photoreceptors have shown that increases in background light produce an acceleration of the time course of decay of responses to superimposed flashes (Fain et al., 2001) , and a similar phenomenon has been observed more recently in the rods of the mouse (Woodruff et al., 2008) . Because this effect is accompanied by a decrease in D and is no longer observed in rods with a mutation of the PDE␥ subunit (Woodruff et al., 2008) , we have previously proposed that response acceleration is caused by modulation of the decay time of light-activated PDE*.
The results in this present study indicate that modulation of light-activated PDE* decay can be produced by the action of GRK1 and can be regulated by the Ca 2ϩ -binding protein recov-erin. Increases in the rate of response decay do not occur in background light in Rv Ϫ/Ϫ rods ( Fig. 7 ) (see also Makino et al., 2004) . We propose that the decrease in Ca 2ϩ concentration produced by steady background light causes the release of recoverin from GRK1 and an increase in the rate of phosphorylation of one of the proteins of the transduction cascade. In support of this notion, our recordings show no significant difference in the time constant of decay of RGS9 Ϫ/Ϫ rods and RGS9 Ϫ/Ϫ ;RKS561L rods, indicating that the GAPs must be present for GRK1 to modulate the decay of the response. It is possible that GRK1 phosphorylates one of the GAPs, but we cannot exclude the possibility of phosphorylation of PDE␥ or the ␣ subunit of transducin. Deletion of recoverin produces an acceleration of both REC and D nearly to their values in rods exposed to the brightest backgrounds we have tested (Woodruff et al., 2008) . Thus, regulation of GRK1 by recoverin may be sufficient to produce the entire range of response acceleration observed during the light adaptation of mouse rods.
Our proposal that GRK1 and recoverin regulate response recovery during background illumination has an important implication. Because recoverin deletion nearly eliminates modulation of response recovery rate but has no effect on the dependence of rod sensitivity on background light (Makino et al., 2004; Chen et al., 2010b) , receptor response decay and sensitivity appear to be regulated by different mechanisms. The decrease in sensitivity in background light has been shown previously to be caused in part from guanylyl cyclase regulation by the GCAPs (Mendez et al., 2001 ) and in part from some other mechanism, which we have proposed to be regulation of spontaneous and light-evoked PDE* decay (Chen et al., 2010b) . In the complete absence of any biochemical experiments that would elucidate the mechanisms of PDE* modulation, it is not possible for us to speculate how spontaneous or light-activated PDE* is regulated or whether the regulation is entirely dependent on the free concentration of outer segment Ca 2ϩ . Future experiments will investigate the separate roles of light-activated and spontaneous PDE* and the effects of these various mechanisms on the changes in rod response properties during adaptation to steady light and after bleaching.
